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I. INTRODUCTION 
1. The General Problem 
The successful use of prestressed concrete dates from the 
realization that considerable creep and shrinkage deformations occur in 
a prestressed concrete member subsequent to the release of the prestress-
ing force onto the concrete. These deformations may, over a period of 
one or two years, become several times as large as the initial elastic 
strain in the concrete. There are two primary results. Firstly, a 
deflection under dead load, similar to, but opposite in direction from, 
the creep deflection of a concrete arch; and secondly, a decrease in the 
tension in the prestressing steel, which may be as large as 30,000 psi, 
or even larger. The decrease in prestress, while having little effect 
On the ultimate strength of under-reinforced beams, does reduce the load 
at which tension first appears in the concrete, normally a governing 
factor in the design of a prestressed concrete flexural member. 
Prestressed concrete is a practical method of construction 
only beca.use the loss in prestress with time approache.sa·· constant 
value; it can be an economic method only if this loss is 8. relatively 
small percentage of the initial prestress. This condition is obtained 
by using high tensile steel, initially stressed to 60 to 70 percent of 
its ultimate strength. At such stresses, however, this steel, while 
under constant strain, suffers a relaxation of stress; this phenomenon 
of stress relaxation at constant strain is comparable to creep, which is 
2. 
the increase in strain which occurs in materials subjected to a constant 
stress. The relaxation loss must also be allowed for in the design of 
prestressed concrete members.. It is convenient, and h8$ thus become 
Qommon praotice, to assume a value for the percentage loss in prestress 
resulting from all the time-dependent effects. 
2. Object of the Investigation 
It has been the object of this investigation to determine the 
individual and collective effects on a prestressed concrete member of 
the time-dependent properties of the materials constituting that member. 
That is, this investigation aims to replace an arbitrary assumption of 
the loss in prestress by a more rational method of estimating the changes 
that will occur in time, having regard to the actual circumstances and 
materials used in the structure. 
Experimental emphasis has been placed on determining the 
relaxation properties of the hard-drawn steel wire used in prestressed 
ooncrete, for two reasons: Firstly, the novelty of the high stresses at 
which it is used, and seoondly, the results of laboratory experiments on 
steel can be applied practically with greater reliabilitT than can 
experiments on concrete. 
3. Scope of the Investigation 
(8) Rela.xation Tests on Prestressing Wire 
These tests were made to investigate the effects on the 
relaxa.tion of the wire of: 
3. 
(i) The type of wire. 
Cii) The streps lave-I. 
(iii) Preliminary"-overstrs-ssing. 
All the wire tested was hard-drawn wire manufactured" by the" 
America.n S-t-eel and WIre Division of the United states Steel Corporation, 
some "of which had been further treated as indicated "in the following 
diagram: 
o 0 
Cold-Drawn 
Wire 
Stress-
Relieving 
I 
o R 
Straightening 
Stress-
Relieving 
I 
S R S 0 
The processes of straightening and stress-relieving are sub-
sequently designated by the letters Sand R, respectively. Relaxation 
tests on wires of types OR, SR, and SO, were carried out from initial 
stresses of 50 to 80 percent of the ultimate strength of the wire. The 
duration of the majority of the tests was about 1000 hours, but some 
were extended to 7000 hours. 
A number of the type OR wires were subj ected to a prel'iminary 
period of over-stressing at a stress approximately 10 percent above that 
:from which-therelaxation was subsequently measured. This series of 
tests was ini'tiat-ed because of the recommendations that have been made 
by various individuals and-organizati.ons which imply that temporary 
overstressing for a short period greatly reduces the loss in stress due 
to relax-ation. 
(b) Creep and Shrinkage of Concrete. 
A study was made of the existing literature on creep and 
shrinkage of concrete. The important work of R. E. Davis and of 
W. H. Glanville and other authors was studied with the aim of estimating 
the magnitude of those effects and the variables upon which they depend. 
It was concluded that for a given concrete under given storage and 
service conditions, the variables to be considered in analytical studies, 
and in planning of beam tests, were: 
(i) The age of the concrete at time of loading. 
(ii) The magnitude of the sustained stress. 
(iii) The length of period under sustained stress. 
Various theoretical expressions incorporating these factors were examined. 
(c) Beam Deformations. 
The application of the results of simple creep and relaxa-
tion tests to the behavior of prestressed concrete beams was considered. 
The investigation included the formation of theoretical expressions for 
the effects of the time-dependent variables, and also the initiation of 
long-time tests of prestressed concrete beams, the object of which is to 
check the validity of the theoretical expressions. 
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6. 
II. PROPERTIES OF HARD-DRAWN STEEL WIRE 
5. Introduction 
An important prerequisite for the tensioning material in pre-
stressed concrete is that the permissible working stress, and the value 
of the elastic modulus at that stress, should be such that the loss in 
prestress due to creep and shrinkage of the concrete is a relatively 
small proportion of the initial stress. Steels that satisfy this 
requirement fall into two ma-in groups: (a) cold-drawn wires, up to 
0.276 in. in diameter, and (b) high strength bars. The present discus-
sion is limited to the former group. 
Hard-drawn wire is produced from high-carbon open-hearth steel. 
Ingots are first rolled into rods, which are then patented. This latter 
process consists in heating to a temperature above the transformation 
ra.nge, and then quenching in a hot lead bath_. This destroys the two-
phase pearlitic structure of the hot-rolled rod, and results in a sorbi-
tic structure, which is capable of withstanding subsequent cold drawing. 
The rods are then cleaned and drawn through wire-drawing soap to the 
required size, the number o~ drafts depending upon the strength required. 
Drawing is a cold working process; slippage occurs between the grains, 
mOVing the crystals from their original random orientation, and producing 
a fibrous type of structure. 
7-
6. Survey of Wire Properties 
The most oommonly available and most oomprehensive pieoe of 
information on the properties of oold drawn wire is the stress-strain 
relationship. It is natural, therefore, that attempts have been made 
to interpret all aspeots of the physioal behavior of the wire in terms 
of this relationship. Of primary interest to the designer in prestress-
ed concrete are the following oharaoteristios: 
(8) Modulus of elasticity 
(b) Ultimate strength 
(0) Ductilfty 
(d) Relaxation loss 
The first two are readily obtainable from the stress-strain ourve; 
ductility requires some oons-ideration of yield strength. 
loss is not obviously deduoible from this information. 
Relaxation 
1* Guyon ,how-
ever, has used an empirioal expression for the relaxation loss as a 
function of the slope of the ourve at the initial tensioning stress 
employed. 
Beoause hard-drawn wire has no definite yield pOint, vari-
ous conventions are employed to define the shape of the stress-ourve- in 
the region of yield. This region inoludes initial stress levels whioh 
are oommonly employed in prestressed oonorete.· Bannister2 reoommends 
that the yield be defined by the stress at 0.7 peroent elongation; this 
*. 
Supersoripts refer to the referenoes on page 44. 
8. 
method has the disadvantage that a knowledge of the stress at zero strain 
in the test is presupposed. The stress corresponding to 0.2 percent per-
manent set is also frequently used to define the yield characteristics, 
and will be referred to in this report; this definition may be criticized 
on the grounds of the lack of precise knowledge of the initial tangent 
modulus of elasticity. 
7. Effects of Manufacturing Processes on Wire Properties 
A typical stress-strain curve for as-drawn wire is shown in 
Fig. 1. This curve is noteworthy for the small range of stress in which 
HookeJs Law is at all applicable, and also for-the: complete absence of 
any yield point. 
When drawn wire is coiled directly from the wire drawing block 
it acquires a permanent curvature of about 12 in. radius, and is subse-
quently shipped in coils of about 2-ft diameter. Because of its high 
degree of curvature, this wire is inconvenient to use. Therefore, it is 
commonly mechanically straightened; the effects of straightening can be 
observed in the stress-strain curve in Fig. 1. It should be noted that 
although straightening increases the total elongatiOn of the wire, it 
further decreases its elastic properties. This alteration of the shape 
of the stress-strain curve makes on-site straightening of as-drawn wire 
an unsatisfactory process. The shape of the curve after straightening 
cannot be known accurately, and hence the accuracy of prestreSSing is 
reduced. 
Contrclled low-temperature heat-treatment has been employed by 
wire manufacturers to increase the elastic range of as-drawn wires_.3,~ 
.. , .. :~ 
9· 
This treatment is variously known as stress-relieving, or strain-agingo 
It is a oontinuous prooess in whioh the wire is pulled through a lead 
bath at temperatures of 750-800 deg F for a few seconds. Its effect 
on the elastic properties of the wire oan be seen in Fig. 1; there is 
also a notable inorease in the total elongation of the wire before frao-
ture;. 
The stress-relieving treatment is carried out On equipment 
ha~ing large diameter reels, and hence stress-relieved wire has much 
less curvature than wire coiled directly from the wire-drawing block; 
the free radius of wire which is shipped in 5 ... ft diameter ooils is about 
3 ft~ This is an added advan~age to the prestressing engineer, as furth-
.ar straightening is unneoessary. 
The important changes in the properties of the wire resulting 
from the heat treatment also include a change in the lass of stress due 
to relaxation. Changes in relaxation loss resulting from the various 
manufaoturing processe.s, and their relatiOn to ohanges in the stress-
strain curve, are of primary interest in this study. 
10. 
III" SUMMARY OF PUBLISHED WORK ON RELAXATION 
8a Scope of Summary 
A considerable amount of experimental work on creep and rel'8xa-
tion of high-tensile steels at room temperatures has been carried out in 
recent years. Much of this work, however, has been devoted to creep, 
probably because extensive experience existed of oreep testing of steels 
at elevated temperatures, and of other materials~ Also, creep tests are 
simpler to perform than relaxation tests. The condition of the steel in 
prestressed concrete more nearly approximates to relaxation than to 
creep. Thus, because no relationship between the oreep and relaxation 
charaoteristios of high-tensile steel has satisfactorily been shown to 
exist, the value of the creep data is limited. Attention in this report 
is therefore concentrated on the results of relaxation tests, to the 
exolusion of the creep test data. 
The various reports on relaxation tests of high-tensile steel 
~ire inolude experimental results presented in a variety of different 
,ways. For ease of ref~rence, abstraots of these results are tabulated 
here in as uniform a manner as possible. 
9. Work of Professor G. Magnel 
The. pUblishad_ .. work? of Prof. Magnel on steel relaxation appears 
to be limited to tests of two specimens; these were 82-ft lengths of 5 mm 
cold.;;.drawn wire of 216,000 psi ultimate strength. It was conoluded that 
the relaxation occurred rapidly. In the first test, on a wire initially 
11. 
stressed to 123,000 psi (57 percent of ultimate), the relaxation was con-
sidered to be complete after 12 days, the loss being 12 percent of the 
initial stress. In the second test, the wire was preliminarily over-
stressed to 137,000 psi for 2 minutes, and then reduced to the same 
initial stress, namely, 123,000 psi; the relaxation was considered to be 
complete after about 2 days, the loss being 3.6 percent of the initial 
stress. 
10.. Work of the Swiss Federal Testing Laboratory 
6 The comprehensive 1946 Swiss report on prestressed concrete 
i~cludes some results of relaxation tests on 3.2 mm hard-drawn Swedish 
wire, with an ultimate strength of 279,000 psi and 0:2 percent offset 
,stress of 240,000 psi. Relaxation-time relationships were plotted for 
tests initiated at stresses of 56 to 76 percent of the ultimate strength 
.. Qf the wire; each test was continued until it was considered that the 
relaxation loss was complete. The results of the tests are summarized 
'. in the following table: 
~ :. 
;~ Initial Stress Loss at 1 day Loss at end of test 
.. C" Duration' I . 
ksi Percent of ksi Percent of ksi Percent of of test 
ultimate initial stress initial stress 
156.0 5·5·9 2.4 1.5 4.2 2·7 11 days 
·.185.0 66.3 7·1 3.8 9.3 5.0 16 rt 
213.0 76.3 12.8 6.0 19 .. 9 9·3 56 " 
These results indicate that the percentage loss of stress resulting from 
'relaxation increases considerably with increase in the initial stress 
: el1el. 
12" 
11. Work Reported by M. Dawance 
This work was carried out at the Building and Public Works 
Laboratory in Paris at the request of the Soci~t~ Technique pour 
L'Uti1isation de la Pr~contrainte.. Relaxation tests on wire alone were 
, reported by M. Dawance in 19487; a further paper 8 in 1952 gives the 
results for the loss in stress of the wire due to the combined effects 
of steel relaxation and creep and shrinkage of conarete. 
The wires were stretched in a frame I-metre long, and the 
, ,stress measured by observing the frequency of the wire in lateral vibra-
tion, the stress being proportional to the square of this frequency. 
,Tests were carried out from different initial stresses, those on 5-mm 
''Wire extending to 10 days, and those on 2.5-mrri wire extending to 300 
days. The observations from some of the longer period tests were plot-
,,';?;~/;;<ted on a logarithmic time scale, and the remainder on an arithmetic 
,,:',::\::·time scale. The following values have been taken from these plots. 
(a) Tests on 2.5-mm Wire, Ultimate Strength 284,000 psi 
Initia.l Stress 1L0ss at 1000 hours Loss at 300 days 
" 
ksi Percent of Percent of ksi Percent of ksi Percent of 
ultimate 0 .. 2 % proof initial stress initial stress 
152.0 53 .. 5 .6'7.3 10.0 6.6 14.0 9.2 
156.0 54·9 69.0 12.0 7·7 18.0 11.5 
156.0 54·9 69.0 17·0 10·9 21.0 13.4 
203.0 71.5 89·9 10.0 4·9 16.0 7·9 
256.0 ,.9.0 •. 1 ,ll3 .. l 22.0 8.6 30.0 11·7 
13. 
(b) Tests on 5-mm Wire, Ultimate Strength 224,000 psi. 
Initial Stress Loss at 100 hours Loss at 240 hours 
ksi Percent of Percent of ksi Percent of ksi Percent of 
ultimate 0.2 % proof initial stress initial stres 
152.0 67.9 82.9 5·0 3.3 5.6 3.7 
~2.,O 81.2 99·2 9·0 4.7 11.0 5·7 
2i:;.O 95.1 l16.0 14.8 6.9 17·0 8.0 
, .12.. Work Reported by G. T. Spare 
The American Steel and Wire Division of the U. S. Steel 
':~cn-poration has conducted both creep and relaxation tests on 0.192-in. 
~;':::.;:,./:4.j:a;n::ret.er wire of 250,000 psi ultimate strength. Initial results have 
n reported by Spare9 . Relaxation tests were made on 100-ft long 
'oimens, and the results plotted on a logarithmic time scale. The 
owing approximate values were taken from the graphs. 
(8) Tests on As-Drawn Wire 
Initial Stress Loss at 100 hours Loss at 1000 hours 
kai Percent of ksi Percent of ksi Percent of 
ultimate initial stress initial stress 
56.4 4.0 2.8 6.0 4.2 
62.0 7·0 4.5 9·0 5.8 
68.8 11.0 6.4 14.0 8.1 
14. 
(b) Tests on Stress-Relieved Wire 
Initial Stress Loss at 100 hours Los~ at 1000 hours 
kS! Peroent of ksi Percent of ksi Percent of 
ultimate initial stress initial stress 
180.0 72.0 13.0 7,.2 16~0 8.9 
195",,0 ' 78,.0 21.0 10.8 26.0 13.4 
"'1;. . .-ark reported by Clarke and Walley 
N ... W .. B. Clarke and F. Walley have describedlO the experimental 
";.,,,,, ... ,.,,,,,;g,{Olrkcarried out at the Field Test Unit of the British Ministry of Works, 
part of the Building Research Station of the Department of Soientifio 
Industrial Researoh. Twenty-three 1000-hour relaxation tests on 
lengths of 'hard-drawn oommeroially available wires of various dia-
reported. Obpervations of stress were again plotted on a 
thmic time scale. The following values for the relaxat:i,on losses 
wire are taken from the tables in the paper,. 
(a) Tests On As-Drawn Wire, 225-251,000 psi Ultimate Strength 
Initial Stress Loss at 100 hours Loss at 1000 hours 
Per'cent of Percent of ksi Percent of ksi Percent of 
ultimate 0.1 % proof initial stress tnitial stress 
28 44 2.0 2.8 2.5 3·5 
48 71 5.0 4.2 6 .. 2 5.2 
53 81 6.0 4 .. 6 7.2 5.5 
60 88 9·0 6.3 11.2 8.0 
64 95 9·3 6.1 11.8 7.8 
76 97 13.0 6.8 15.4 8.1 
15. 
(b) Tests on Stress-Relieved Wire, 251,000 psi Ultimate Strength 
Initial Stress Loss at 100 hours Loss at 1000 hours 
.t.).<, ksi Percent at Percent of psi Percent of psi Percent of 
ultimate 0 .. 1 0/0 'proof initial stress initial stress 
....... ~. ~ ... ~ . 
'~' 70.0 28 33 1.0 1.4 1.3 1·9 
,:130 ... 0 52 61 2.3 1.8 3.2 2.5 
170_0 68 80 6.7 4 .. 2 9·0 5.6 
-' ,," 
,'-. 
These results indicate two effects: 
(1) The increase of relaxation loss with increase in initial 
(2) The reduced relaxation loss of the stress-relieved wire 
to the hard-drawn wire at initial stresses in the range of 28 
'68 percent of the ultimate strength .. 
Work of J. L. Bannister 
Bannister2 measured the relaxation of stress of 0.20-in. 
~drawn wire at the University of Wales, using a iever-type testing 
His results include those fat both as-drawn and heat-treated 
, , and also for wire that had been heat-treated under a tension of 
The following data has been abstracted from the figures 
tables in Bannister's paper. 
(a) Tests on As-Drawn Wire, 226,000 psi Ultimate Strength 
Initial Stress Loss at 100 hours 
ksi Percent of Percent of ksi Percent of 
ultimate 0.1 % proof initial stress 
1:34. 4 59·5 90.8 4.2 3.1 
157. 0 69·5 106.1 5.8 3·7 
179·5 79·4 121.3 9·3 5.2 
(b) Tests on Heat-Treated Wire, 234,000 psi Ultimate Strength 
ksi 
134. 4 
157·0 
179·5 
ksi 
157·0 
Initial Stress Loss at 100 hours 
Percent of Percent of ksi Percent of 
ultimate 0.1 % proof initial stress 
57.4 70.2 3·1 2.3 
67.1 82.0 7·2 4.6 
76·7 93.7 14.2 7·9 
(c) Test on Wire Heat-Treated Under Tension, 
236,000 psi Ultimate Strength 
Initial Stress 
Percent of 
ultimate 
66.5 
Percent of 
0.1 % proof 
77-9 
Loss at 100 hours 
ksi 
1.3 
Percent of 
initial stress 
1.2 
The heat-treated wire shows improved relaxation properties 
relative to the as-drawn wire only at the lowest initial stress level, 
namely 134,400 psi. At higher stresses, the heat-treated wire exhibits 
more relaxation loss than the as-drawn wire. The wire that had been 
heat-treated under tension exhibits much less relaxation loss than wire 
of either of the other types when tested at the same stress level. 
17. 
'Work Reported by Professor R. de Strycker 
Considerable work has been carried out in Belgium on creep and 
of prestressing wire under the auspices of' the ftComit~ pour 
fluage des m~taux aux temp~ratures ordinaires" and has been 
P f R d St k 11,12,13,14 rted by ro essor . e rye erG 
Emphasis' was placed in these tests on the correlation of creep 
relaxation data, and the dedu-ction of the latter from the former. 
effects of heat-treatment on the relaxation properties of the wire 
e studied, and it was concluded that optimum heat treatments ranged 
2 minutes at 300 deg C to 10 minutes at 225 deg C. 
Some tests were also made in which the wire was subjected to a 
liminary-- period of overstress before the commencement of the relaxa-
test. It was concluded that overstressing reduced the relaxation 
first few hours under load, but had no effect On the remaining 
after 3 days. 
Work at Imperial College, London 
Dr. F. W. Gifford has recently reported15 the results of a 
of 10 relaxation tests on 0.20-in. diameter prestressing wire, in 
the variables were initial stress level and preliminary overstress-
The specimens were 210 in. long; f;he tension in a wire was measured 
observi~g the lateral deflection resulting from a small known load 
The reported duration of the tests was 420 days; 
remaining in each wire was plotted on an arithmetic time scale. 
The average wire properties were: 
18. 
Ultimate strength 233,000 psi 
0.1 percent proof stress 210,000 psi 
0.2 percent proof stress 218,000 psi 
This is apparently a stress-relieved wire. It was certified 
minimum 0.1 percent proof stress of 179,000 psi, and it was 
in 8-ft diameter COils, requiring no straightening. 
The following values have been taken from the graphs in the 
(a) Wire not Preliminarily Overstressed 
Initial Stress Loss at 1000 hrs. Loss at 400 day 
Percent Percent Percent Percent Percent 
of of O.l oro of 0.2 0/0 ksi of initial ksi of initial 
Ultimate proof proof stress stress 
90 99·5 95.6 27·5 13·2 .0 17·2 
80 87.6 84.4 13 .. 7 7·4 20.5 11.1 
70 75.7 72·9 7·7 4.8 11.4 7·2 
60 61.8 59.6 2.2 , '7 3·7 2.8 .l... I 
50 49.5 47.7 1.0 1.0 2.2 2.2 
(b) Wires Preliminarily Overstressed for 2 minutes at 
percent of the Ultimate Strength above the Required Initial Stress 
Initial Stress Loss at 1000 hrs. Loss at 400 days 
Percent Percent Percent Percent Percent 
of' of 0.1 0/0 of 0.2 0/0 ksi of initial ksi of initial 
Ultimate proof proof stress stress 
~O5.0 90 97.6 94.0 22.0 10·7 29.0 14.1 
:T84.0 80 87.6 84.4 11·5 5·7 16.0 8.7 
66.0 70 79·0 76.2 5.8 3.5 11.3 6.8 
30.0 60 61.8 59.6 3·3 2.5 4.3 3.3 
04.0 50 49.5 47.7 1·7 1.6 2·7 2.6 
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Gifford concluded that for the wire tested, 
(1) The s-tress loss at 420 d'ays is 5 percent or less for 
stresses up to 60 percent of the ultimate. 
(2) The effect of preliminary overstressing is small at 
stresses up to 60 percent of the ultimate, but is significant 
higher stresses. 
General 
Because of the variety- of- ori'gtn of the wire tested, and the 
properties, duration of test, and method of presentation, close 
ison of the results, as quoted herein, is not warranted. However, 
results do indicate the scope of the problem, and the order of 
of the relaxation loss to be expected from common initial 
" 16 Further tests have been made by Godfrey, Janiche and Thiel , 
17 R . . i 18 S h· 19 S· d Z . 20 d th voire , al.nl.er , c rl.er , l.mon an ercaVl.n ,an 0 ers. 
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IV. MEASUREMENT OF RELAXATION OF STEEL 
18. The Vibration Method 
As has been previously noted,a vibration technique was employed 
7. h" 1 t" t t " P . by Dawance In 1S re axa lon es s'In arIs. This technique appeared to 
havs-the important advantages that it (1) required a comparatively small 
amount of space, and (2) did not require the continuous use of a testing 
maohine. For th.ese reasons it was decided to adopt the method in this 
laboratory. 
The method depends essentially upon the following relationship 
b'etween the natural frequency of lateral vibration of a stretched string 
and the tension in the -string. 
f 
, 1 
= 2L 
f = the natural frequency of vibration, 
L =--the length o~ string between nodes, 
T = the stress, and 
w = the specific gravity. 
g = the acceleration of gravity. 
(1) 
For a steel wire, which has bending stiffness, a correction must be made 
-tor this stiffness according to the equation 
f 2 f'2 1 + (2) 
, 
e f is the natural frequency of the stretched wire, f is the natural 
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frequenoy neglecting bending stiffness, as in equation 1, and fl is the 
natural frequency of the wire when resting as a simply supported beam, 
untensioned, on two supports a distance L apart, 
where ~ is the mass ~er unit length of the wire. Equation 2 is an 
approximation, and is applicable only when the stiffness of the wire is 
small. Hence 
'2 f 
from 1 
from 2 and 3 
I;' ,,' " >~, ::,:,.> ~':',:',<;~.J:~,t1., ; 
~:::::;;,;;;::;jihere IS.' for a particular diameter wire, depends only on the distance 
ft,;;<,~:::'~J(:' ", ~;,e,<,~<,ibetween the nodal points. ~::;~::", '::fr ; 
~!\f In practice, owing to lack of absolute rigidity of the testing 
[.S:~Ble 
4WL2 
T =-'-
.. g 
2 (f -K -K ) l 2 (4) 
e K2 is a constant "of the test frame and mode of vibration. This 
tionship enables the stress in a ,stretched wire to be computed from 
ane'XPeTimentally obtained value of the natural --frequency of lateral 
-rlbtat'ion 'of' the wire. 
19.. Test Equipment 
Test frames cons'isted of 3-ft lengths of 8 by 8-in. wide-
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-:flange beams section with heRvy plates welded across the ends, as seen 
'±nFigs. 2 and 3. In each frame, the end plates were drilled to accom-
"}I1adate 4 wires stretched between them. Quarter-inch screws, mounted in 
h:Glesdrilled and tapped in the beam flanges, and adjusted so as to bear 
aga;instthe stretched wires, provided definite nodal points when the 
'riTes were vibrated. These screws, replaced earlier knife-edges which 
had proved troublesomet'o adjust. 
Both threaded and split conical wedge anchorages were employed. 
In the former a hardened steel nut was turned up as far as possible on a 
thread cut on the wire; this anchorage could be relied upon to develop 
only about 70 percent of the tensile strength of the wire. For higher 
stresses an improved anchorage was required. A conical split collet, 
bearing on an internally tapered stud, was machined and hardened in the 
laboratory, but failed to give satisfactory results when tested. A grip 
was subsequently developed that incorporated the three hardened tapered 
wedges from a commercial 6 BWG-size Strandvise grip, again bearing on an 
internally tapered stud. The component parts of this anchorage are shown 
in Fig. 4. This grip was successfully used in the tests that commenced 
at the higher stress levels~ Because wedge-type grips necessarily suffer 
from pUll-in effects, light Last Word dial gages were mounted on the test 
23. 
wires so that they indicated any movement of the wire in the grip relative 
to the end plate of the test frame. One of these gages may be seen in 
Fig. ,. 
The equipment for stressing the wires is shown in Figs. 5 and 
~;Fig. 5 shows a wire anchored by a threaded nut, but the stressing 
arrangement was precisely the same for a wire anchored by a wedge grip . 
. i'h,f3 pull rod of a center-pull hydraulic jack was coupled with a dynamom-
:~;t:ar which in turn was coupled with the anchorage stud by means of a 
When a wire was stressed the extension was taken up 
a threaded sleeve, which was turned up to bear against the end plate 
testing frame. 
Four SR-4 electric resistance strain gages, c'Onnected in series 
were mounted on the dynamometer; one pair· mounted longitudinally 
ied the active arm, and the other pair mounted laterally occupied the 
arm of a Wheatstone bridge circuit. This circuit, when completed 
Portable Strain Indicator, enabled the strain in the dynamom-
to be measured. The dynamometer was calibrated in a testing machine 
loads up to 7000 Ibs, corresponding to a stress of over 240,000 psi 
a 0.192-in. diameter wire. The dynamometer thus gave the stress in the 
during the period of stressing. 
The electrical apparatus employed to vibrate the wire, to 
resonant vibration of the wire, and to measure the frequency of 
diagrammatically in Fig. 8, and also in the photographs, 
6 and 7. The main components were as follows: 
(1) An oscillator, with variable frequency output. 
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(2) A frequency counter which counted the number of cycles in 
the oscillator output, and hence gave the oscillator fre-
to 1/10 of a cycle per second. 
(3) An electromagnetic vibrator, fed by the -oscillator through 
amplifier. The vibrator was mounted about 1/32 in. 
wire, at its midpoint. 
(4) An ear-phone, also mounted close to the wire, to pick up 
orced vibration of the wire. 
(5) A cathode-ray os~illoscope; the output of the oscillator 
directly into the horizontal deflecting plates, and the current 
ear-phone by the vibrating wire wasfe~ into the vertical 
When the oscillator frequency coincided with the natural fre-
~of the wire a ~igure eight-type picture was obtained on the oscil-
The picture was of this form because the wire: made one complete 
positive and negative half-cycles of the driving 
The third mode of vibration of the wire was employed, for two 
(1) It reduced the effects of uncertainties regarding the end 
the wires, and (2) it raised the resonant frequency of the 
to a pitch at ~hich it was audible, and hence could be located 
tely by ear. Thus the resonant position was indicated by 
(a) sound, 
(b) appearance of Lissajou figure on the osoilloscope, 
(c) maximum vertical dimension of the figure on the oscillo-
This increased greatly at resonance necessitating reduction in 
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lifioation of the osoillator output. The maximum vertioal size 
osoillosoope figure was the oriterion employed in determining the 
e position of resonance. 
Prooedure 
The prooedure for tensioning a wire was as f-allows: The wire 
by the hydraulio jaok in about five inorements of load, up 
required initial stress. At eaoh step the wire was vibrated, and 
cillator frequenoy adjusted, until the resonant frequency of the 
obtained; this frequenoy, as indicated by the frequency counter, 
The strain indioator was balanoed, and thus the strain in 
~lrrta~mc~eter, and henoe the stress in the wire was also obtained. 
observations made during the stressing of the wire, a calibra-
of stress against the square of the frequency was drawn for 
e; this is the graphioal representation of equation 4. When the 
ad stress was reaohed, the threaded anohoring slefrve, shown in 
was turned up to bear hard against the end-plate of the testing 
The pressure in the jaok was then released, and the wire vibrated 
to obtain the resonant frequenoy. The oorresponding stress 
the calibration graph was the initial stress level of the 
test. In the case of wires anohored in wedge grips, the dial 
the ends of the wire were also adjusted immediately after 
the jaok pressure. The wire was subsequently vibrated 
intervals of time, and the resonant -frequenoy and the dial 
readings (if any) were noted. Several readings were taken in the 
first hour of the test and later at greater intervals, in accordance 
with the early rapid, and later less rapid, rate of relaxation. 
The procedure described, and the final form of the equipment 
used, resulted from experience gained in the preliminary:- t'ests. These 
ha~ indicated two major faults in the original experimentation: 
(1) A secona apparent reSOnanoe position was obtained, near 
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the true resonant frequency, when the wire was vibrated in its first 
mode. This effect was much reduced when the wire was 'vibrated in its 
third mode, obviating any possibility of confusing a sec~ndary resonance 
with the true one. 
e 2) Excessive apparent relaxation losses W8r'e obtained from 
tests due to: 
(a) Too much threading on the wires. 
(b) Unobserved pull-in of the wedge grips. 
of the amount of threading so that the nut was-always fully 
to the end of the thread, and the use of the small dial gages 
measure any movement of the wires in the anchorages, removed these 
The dial gages indicated relative movements between the ends of 
threaded wires and the end-plates of the frame, equivalent to a stress 
in the wire of about 200 psi. This has been neglected. The rela-
movements in the case of' wires anchored by wedge grips were consider-
larger, and were therefore compensated for in the ~omputations of 
relaxation; to the stress obtained from the frequency mea-
added the relative movement multiplied by the modulus of 
stioity of the steel. 
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The aocuraoy of the tests is limited initially by the aoouraoy 
calibration of the dynamometer, namely, about 5 lbs. This is 
ent to approximately 170 psi in the 0.192 in. wire. The aoouracy 
measurement of stress by the vibration prooedure was checked by 
vacuum-tube voltmeter across the ear-phone output; the 
the response was observed at frequencies in the neighbor-
observations plotted in Fig. 9. It appears 
'thea.ocuracy is about 100 ps.i. The tests were performed in an area 
temperature range was fairly large; it is considered, however, 
should not ha.ve had any great effect, as the wires were stressed 
steel frame undergoing the same temperature range. Inaccuracies 
~o temperature ohanges could apparently only have resulted from rapid 
s that occurred immediately prior to the measurement of stress. 
the actual degree of aocuracy obtained in the measurements may 
tter judged from the graphs of the results. 
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V. RELAXATION TEST RESULTS 
Scope. of Results Pres e,nted 
The results are presented for four series of tests as outlined 
table:: 
Pr erties of Wire Range of 
No. of Type of Ultimate 0.1 percent 0.2 percent Initial 
Tests Wire Strength proof stress proof stres Stress 
ksi ksi ksi' ksi 
6 SO 24410 150.0 190.0 135.2-216.0 
2 OR-l 250 .. 0 206.0 214.0 146.0-170.0 
5 OR-2 266.0 218.0 236.0 136.1-186.5 
7 SR 240.0 201.0 208 .. 0 134.2 .... 194.2 
8 OR-2 266.0 218.0 236.0 142.7-209.0 
initial stress was the main variable in each series. Series 1, 2, 
were tested in order to observe the effect of the different manu-
the relaxation characteristics of the wire. The 
'tested in Series 4 were overstressed approximately 10 percent 
the intended initial stress for a period of 15 minutes prior to 
'commencement of the test. This series of tests was made in order 
the, effect of initial overstressing might be indicated by comparison' 
results with those of Series 2 .. 
Manuf~cture of Wire Tested 
All the hard~drawn wire tested was made from basic open-hearth 
the following analysis range: 
Carbon 
Manganese 
Phosphorus, max. 
Sulphur, max. 
0.75-0 .. 86 0/0 
0.50-0.90 a/a 
0.045 0/0 
0.050 0/0 
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The as-drawn wire was subsequently treated as desoribed below. Wire SO 
."as mechanically straightened. Wire OR was stress-relieved in a oontinu-
euS prooess, and supplied in 5-ft diameter ooils. Wire SR was straight.;. 
-ened, out into 15-ft lengths, and then stress-relieved~ 
Stress-relieving was carried out in hot lead at-about 800 deg 
F for a period of between 5 and 15 seconds. 
Nominal diameter of the wire was 0.192 in.; aotual diameters 
ranged from 0.192 to 0.194 in. Wire stresses reported were oalculated 
on the basis ofaotual diameters. 
2;. Test Results 
The results for eaoh series of tests are presented graphically 
in the following ways: 
(a) Stress plotted on an arithmetio time soale. 
(b) Stress plotted on a logarithmio time scale. 
(0) Initial wire stress, as a peroentage of the ultimate 
strength, plotted against the peroentage loss in stress at-lOOO hours. 
Plots of -type (a) indioate the very rapid stress~lossHs that 
occur in the first 100 hours, and the subsequent muoh lower- rate of loss. 
The semi-log plots of type (b) serve to demonstrate the apparently oontin-
uing nature of relaxation. The plots of type (0) show, that for all the 
types of wire tested, the peroentage relaxation loss increases with 
increase in the initial stress. It would be desirable to obtain some 
/ 
empirioal relationship from whioh, knowing some wire property, the relaxa-
tion loss from any given initial stress could be calculated. VariOus 
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(. 
methods of plotting the results of all the tests in order to obtain such 
a. general relationship were attempted, but without success. 
24~ Discussion of Test Results 
(a) Effect of stress-relieving on lOOO-hour losses. Figs. 13 
and 25 show the variation of percentage loss of stress at 1000 hours with 
) the initial stress level, for wires of types SO ahd SR respectively. The 
two types of wire suffer approximately the same percentage loss for 
initial stresses in the range of 55-65 percent of the u~timate. However, 
at higher stresses the stress-relieved wire suffers somewhat greater 
losses, the loss at 75 percent of the ultimate being 11.8 percent, com-
pared with 8.8 percent for the non-stress-relieved wire. 
(b) Curvature of the semi-log graphs. It can b& observed that 
straight lines were fitted successfully to the points plotted on a loga-
rithmic time scale for the straightened hard-drawn wire, type SO, in 
Fig~ 12. In the case of the stress-relieved wires, Figs. ro, 18, and 24, 
this was not possible; these semi-log graphs have a continuous, though 
1 ° ht t It . th t' th t d St k .21 ~ d .. s 19 , curve ure. lS wor nO lng a' e ryc er o erve a Slml-
lar effect; he found that heat-treated wires showed acurvciture from the 
very beginning of the experiment, but that deviation from a straight line 
could only be perceived after several days for hard-drawn wires. Although 
this curvature on semi-log graphs does preclude linear extrapolation out 
to very long periods of relaxation, it does not necessarily imply that 
the losses will become excessive wi thin any reasonable length of time. 
(c) Effect of straightening. No as-drawn wire was tested, 
because the high degree of curvature of this wire prevented it from being 
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introduced into the testing frame without some initial straightening. 
'Hence, there is no direct comparison of results between straightened and 
as-drawn wire. Comparison of the results of the tests in Series 2 and 3 
probably does not indicate the effect of straightening for'two reasons: 
(1) The stress-relieving subsequent to straightening of wire SR would 
the state of internal stress in the wire resulting Irom the 
, straightening process, and hence would remove all the metal-lurgical 
effects of straightening. (2) Wires OR-l and OR-2 had rather different 
. stress-strain and relaxation properties, and there was no apparent simple 
. correlation between them. Thus no useful result could be obtained from 
comparing their relaxation properties with those of the SR wire. The 
very low relaxation losses exhibited by the wire OR-2 was a notable feature 
of the tests; the ratio of 0.2 percent proof stress to the ultimate 
strength of this wire was also unusually high. A further interesting point 
is that wires OR-l and OR-2 were distributed commercially as essentially 
same product; the analyses differed slightly, but both were within 
manufacturer's range of tolerance. 
(d) Effect of initial overstrsssing. The effect of initial 
may be observed by comparison of the relaxation loss curves 
.in Figs. 20 and 28 for wire of type OR-2. For convenience, the curve in 
ig. 20 is shown as a dotted line in Fig. 28. For initial stresses in 
he range 50-65 percent of the ultimate strength, overstressing appears 
little effect; certainly the difference in percentage relaxation 
any given initial stress in this range is no greater than the 
of the results. At higher stresses temporary overstressing does 
32. 
some reduction in relaxation loss. At an initial stress of 70 
of the ultimate, the lOCO-hour loss without preliminary over-
stressing is'about 4.3 peroent; with preliminary overstressing, the loss 
is about 3.6 peroent. However, the results presented here are~inadequate 
>. to make any def'ini te oonolusionS on the range of initial stresses in 
whioh this overstressing is of value, or of the magnitude of the reduotion 
In general, the effect appears to be small. It must-be noted 
that these tests were made on the wire OR-2, that exhibited unusually low 
relaxation losses .. 
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VI. CREEP AND SHRINKAGE OF CONCRETE 
Introduction 
The problems of creep and shrinkage in concrete have been the 
of considerable experimental research in the last thirty years;~ 
particular, extensive programs have been carried out at the University 
California and at the Building Research Station in England. The 
is a complex one,' and the number of variables involved is large, 
of the intrinsic nature of concrete. It is generally accepted 
t the hydration of cement is accompanied by the formation of a colloid-
gel, and that the subsequent behavior of the concrete un-de-r-continuous-
varying climatic and loading conditions depends upon the movement of 
and out of this gel. 
Shrinkage 
Hydration of the cement, and evaporation from the surface of a 
member, set up capillary forces in the concrete which -induce 
gel; this shrinkage follows an exponential law with 
and thus approaches a limiting value. The amount of 
inkage depends upon the total amount of water in the concrete, and 
e in practice, upon the water-cement ratio and the richness of the 
Other factors which affect the amount of shrinkage are: the moist-
conditions in storage and in service of the member, the character and 
tion of the mineral aggregate, the chemical composition and fineness 
. the cement, and the size of cross-section. Accepted values of the 
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shrinkage strain are 0.0002 to 0.0005. 0.0002 to 0.0003 is 
y assumed for post-tensioned prestressed concrete members which 
time to mature before the tensioning of the steel; higher values 
forpret~nsioned-work: 
Creep 
-----------
Creep of concrete is taken to mean the deferred strain which 
in a loaded concrete member in excess of that due to shrinkage. 
loading sets up stresses which affect the movements of the 
concrete, and hence creep depends upon all the factors which 
It also depends upon the magnitude oftha external 
, the period of sustained load, and the age at the time of loading. 
theoretical considerations of the transfer of stress from the cement-
material to the aggregate, F. G. Thomas22 obtained an expunential 
ssion for'the variation of creep strain with time. Both 'exponential 
hyperbolic-curves have been successfully fitted to experimental data. 
The experimental work of both Davis23 ,24,25, and Glanville26 
the conclusion that creep strains are proportional to the applied 
qualification that this does not apply at- high stresses, 
the creep is relatively greater in proportion to the applied 
Davis~4 also concluded that for a given intensity of sustained 
ess and a given storage condition, the rate of creep after a year or 
practically independent of the age at time of loading. 
have been accepted by numerous engineers and used in 
formulation of theories for the effects of creep on plain and 
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orced concrete structures; such work has been published by Ban and 
DiSChipger28 , Lorman29 , McHenry30, Seed3l and Whitney32. 
The conclusion that creep strain is proport~onal to applied 
has led to creep strains being quoted in multiples of the initial 
Usual values for the final creep strain of a dense vibrated 
rete are 1.0-2.0 times the initial elastic strain; higher values of 
or more times the initial elastic strain were obtained by Glanville 
others in their tests of hand-tamped concretes, of relatively high 
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THEORY FOR TIME DEFORMATIONS IN PRESTRESSED CONCRETE BEAMS 
Assumptions Regarding Creep of Concrete 
Two assumptions are made regarding the creep of concrete: 
(1) For different specimens of the same concrete, loaded at 
time but at different stress levels, the creep strains measured 
later time will be proportional to the applied stresses. 
(2) For a given concrete, the rate of creep strain at any 
any given intensity of stress is independent of the previous 
and strain history. 
These assumptions are based on the experimental work of 
and Davis, as discussed in Section 27. 
Creep of Concrete under Variable Sustained Stress 
The assumptions stated in the preceding section are combined 
equation 
dE 
c 
dt 
= creep strain at time t due to stress f, 
~t = oreep time function at time t creep strain at time t = elastic strain 
E = modulus of elasticity assumed not to vary with time. 
If the fUnction ~t and a varying stress f t are as shown dia-
tically in the following figure, 
(1) 
o ~-----------------4--------t T 
f, 
the total strain at any time t = T due to the stress f t is 
f JT ~ =...!. + T E 
o 
Et is the creep strain under the·appLied stress at time t. 
dE t 
now substitute for dt from equation 1, we have, 
However we have assumed that ~ is a functioon of time only. Thus 
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(3) 
This is a general expression for the total_, elastic and creep, strain at 
any time t= T, for concrete subjected to ·a continuously variable stress ft· 
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Deformations in a Bonded Prestressed Concrete Beam 
The fOllowing notation is employed in the subsequent derivation: 
A = area of concrete section. 
c 
e = eccentricity of steel with respect to the center of 
gravity of the concrete section. 
k = radius of gyration of concrete section with respect to 
its center of gravity. 
I I 2 
A' = A (1 + e 2) 
c c k 
A = area of prestressing steel s 
E = modulus of elasticity of the concrete, assumed constant. c 
E = modulus of elasticity of the steel. s 
f = stress in the concrete at the level of the steel. c 
f = initial stress in the concrete at the level of the steel. 
ce 
f = stress in the steel. s 
f = initial stress in the steel. 
se 
P = inftial steel force. 
P' t = loss in steel force from all effects at time t, assumed to he,equ.al to PE + PR, where 
= elastic decrease in the steel force due to creep and 
shrinkage of the concrete, 
PR = loss in steel force due to relaxation under the initial 
strain, taken as R~t' R being a constant for any given 
initial steel stress. This implies that steel relaxation 
f'ollows the same shape of curve with respect to time as 
does concrete creep. 
shrinkage time function of the concrete, equal to a con~ 
st,ant times the creep time function .. 
A HI 
s s 
r=~ 
c c 
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The changes that oocur over a period of time in a prestressed 
beam result from three factors, namely: relaxation of steel 
of the concrete under stress, and shrinkage of the concrete. 
result in a decrease in the prestressing force and deforma-
in the beam. The sta.te of stressa.nd deformation in the beam after 
changes have occurred is defined by the remaining prestressing 
It is the purpose of the following analysis to obtain an expres-
for the total loss in the prestressing force resulting from all 
ts. 
An expression relating ~ll the variables, as governed by the 
sumptions that have been made, is obta.ined by equating the changes in 
steel and the concrete at the level of the steel, at time t. 
chang,e in concrete strain consists of three parts: 
(1) Concrete Creep. This part is divided into two terms: 
A term for the creep of the concrete7 considering the initial pre-
force to be acting throughout the time t; (b) A term for the 
~re:ep str'ain resulting from the loss in prestress force Pt, considered as 
a continuously varying negative force on the concrete section; this term 
is obtained from Eq. 3. 
f 
, Hence, concrete creep str'ain = E. ce ~t 
c 
III". 
ii, 
J 
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(2) Elastic strain resulting from the loss in prestress force 
, , again considered as a continuously variable negative force.. This 
P' t is - AJE'". 
c c 
(3) Shrinkage strain = S~t ' 
7 equating the strain changes in steel and concrete, 
e, we obtain 
f 
ce 
E 
c 
~t - A ;-m [p t + l~t 
c 0 ~ 
o 
f 
ce 
E ~t - A ~E 
o o 0 
fferentiatingwith respeot to ~, 
f 
oe 1 ( ) E - A' E P t + P t + S 
c c 0 
ranging the terms, 
pi 
-
PR t 
= A"'''E 
s s 
[ 
AE] AE AE 
P t 1 + A:cEso + P' ~ = ~'f + PR, + SA E t t A 'E E ce s s 
o c c 
= r, and dividing through by 1 + r, 
(4) 
I~:: ,,' t.' .', ~> 
~' 
~: 
~, 
f' 
II 
pi r p I. (rA'f + SA E ) 
t + l+r t = "'l+r c ce s s 
~ ~ !,NOW" since P R = RIOt 
~: 
r ~f PR = R = Constant 
PR 
+--l+r 
}f: ~y Thus all the terms on the right hand side of Eq. 5 are constants, and 
~ 
(5) 
~( 
.~:·thS equation is a linear first order differential equation in P t' which 
r;,: ~>ma.y be solved by a standard method. The solution is ~, 
~ ~' 
ift,' 
~ I~; 
"~!' ~; 
kJ·· 
ti;i: 
r I 
JtLwhere 
11' 
,~: 
pr 
t = e 
B 1 =--l+r 
J~t r drb f~t r l+r [[~t l+r ,po 
Be 
rpo 
rb o 
(rA If 
c ce 
+ SA. E 
s s 
+ R) 
.: and C is a constant of integration .. 
"Bince we take ~ = ~ 0 = ° 
~ 
at t = 0, we obtain 
d~ 
dp + C J 
~ .. 
P' = e - l:r ~t [-1... (rA' f + S1\ E + R) l;r e 
t l+r c cs s s 
r 
l+r 
SA E + R r ~t 
Aff s s + Oe 
-l+r 
= + 
c ce r 
PJ = 0 at t = 0. Hence t 
R + SAsEs J 
C = 
- [Aff + r , c ce 
r 
; l+r 
r6t ] 
+ 0 
(6) 
i~ 
~~ 
42. 
This equation gives the total loss in prestress force 7 Pt at time t, in 
terms of the initial prestress force P, the cre,ep time function of the 
concrete at t-ime t, the factors Sand R which define the concrete shrink-
age and the steel relaxation, respectively, the elastic moduli of the 
steel and concrete, and the properties of the section. 
In the above analysis no assumption has been made of any particu-
la.r form f'or the creep fUnction ~t' but it has been assumed that concrete 
creep and shrinkage and steel relaxation all vary according to the sa.me 
function of time.. This is only approximately true. However, this 
assumption leads to the result in Eq. 6 that only the final values Qf 
the shrinkage factor S, and the relaxation factor R, at time t, are 
required for calculating the total loss in prestress Pta The value of 
of the creep fUnction ~t in Eq~ 6 is the creep strain at time t} divided 
by the elastic strain. The values of Pt , S, and R as substituted., will 
be the correct final values at time t as obtained from separate· tests on 
~ r conorete and steel specimens. 
~, ~ The total stress change in the concrete at the level of the steel 
Ie is 8. relatively small proportion of the total stress. In this small 
stress range, the a.ssumption that the rate of strain is independent of 
the str-ess and strain history is probably reasonably good. Similar 
assumptions,. :in rather broader terms, have been made previously by McHenry 
and others .. 
The validity of Eq. 6., as a relatively simple rn.e-ans of crbtairiing 
tb.e resultant effect of the time,;...dependent variables in a prestressed 
cOncrete structure, will be checked by tests of beams which have been 
deSigned for this purpose. 
VIII. SUMMARY 
An examination was made of" the time-dependent factors'whicrh 
ae the effective 'prestreBs f"orce, and whiu'h result in deferre'd def'arm-
in a prestressecrccrncrete member. The factors studied were 
relaxation of hard-drawn steel wire used in prestressed concrete,and 
creep and shrinkage of the 'COner'ete. 
The work on steel relaxation consisted of (l)a survey of the 
data on the subject, and (2) an experimental program. The 
considered in this program 'Were (a) the initial stress level, 
': (b) the effect of the prooesses involved in the manufacture of the wire, 
(0) the -effect of initial overstress i,ng of the wire. It was found 
(1) The peroentage loss in steel stress due to relaxation increased 
with increase in the initial stress level, (2) Stress-relieving treatments 
inereased the relaxation loss at initial stresses in excess of 65 percent 
of the ultimate, but had no observable effect on relaxation at lower 
stresses. (3) Overstressing reduced the relaxation loss only slightly, 
a.nd only at initial stresses in e'xcess of 65 percent of the ul ti:ma.te. 
An examination was made of the literature on creep and shrinkage 
of' concrete to provide a basis for theoretieal work and the planning of 
future tests. Reasonable assumptions were made, based on this published 
"W.ork. With these assumptions a relatively simple expression for the total 
loss in prestress due to all the time-dependent effects was derived. 
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